et al.. Diode-pumped Yb:CaF 2 multipass amplifier producing 50 mJ with dynamic analysis for high repetition rate operation. Applied Abstract The dynamic thermal issues of the Yb:CaF2 crystals within a multi-tens-mJ-energy multipass amplifier operating in the 20-100 Hz repetition rate range and pumped in quasi-cw regime have been studied at different timescales. Thermal response times of the system have been precisely investigated and analyzed, for the first time to our best knowledge in such amplifiers. This study includes a dual timescale analysis: in the long-time-scale (second) with direct thermography mapping and in the millisecond range with thermal lensing in a pump-probe configuration. Very atypical positive lens behavior with fluorites will also be presented and discussed. This complete analysis is used to demonstrate the capability of Yb:CaF2 multipass amplifier systems for operating the amplifier at 20 Hz with 57 mJ and 100 Hz with 32-mJ stable regime. Indeed, high repetition rate multipass amplifier has been realized for the first time with Yb:CaF2 and for this energy. The results have been analyzed precisely to take into account the thermal issues and excellent beam quality, with a M2 of 1.1. The pointing stability of 20 lrad has been measured documenting the reliability of the high repetition rate mJ amplifier.
Introduction
The interest in diode-pumped solid-state lasers is more than ever growing, especially since the development of many large-scale high-energy ''high repetition rate'' laser facilities. For these large-scale installations, cost-efficient solutions are preferred. Efficient diode pumping usually involves ytterbium-doped materials [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . The development of the technology is mainly based on the knowledge of the amplifying material. Among the interesting ytterbiumdoped materials, Yb:CaF2 is interesting for a number of attractive properties [3, 6, 7, 13, 15] . It possesses a longfluorescence lifetime, 2.4 ms, which facilitates the storage of energy [4] . Also, the large bandwidth of this material makes it an attractive candidate for the generation and amplification of ultrashort pulses [5, 11, 12, 15, [17] [18] [19] . The material also sustains high average power thanks to its good thermal conductivity, 6 Wm_1 K_1 (for a typical doping of 2%) [13, 14, 20] . Thermal and spectroscopic parameters suggest Yb-doped materials and in particular Yb:CaF2 to be a good choice for diode-pumped high-power lasers. In the frame of the Cilex-Apollon 10PW project, we are developing new OPCPA pump sources based on those crystals [21] . Yb:CaF2 performances and specifics are the subject of the current article. The Yb:CaF2 can be used for high-energy and high-power amplifiers. The challenges occur when working at high power. This automatically implies heat dissipation that may lead to thermo-optical distortions on the crystal [22] [23] [24] [25] . Moreover, in highenergy lasers, the pumping is often accomplished in quasicw regime, which leads to an unsteady state and a dynamic of these phenomena. In this paper, we investigate experimentally for the first time, to our knowledge, this dynamic for an Ybdoped material. To apprehend this dynamic, the crystal is investigated on its in situ opto-mechanical, setup. Based on these experiments, we subsequently design a multipass amplifier able to generate 50-mJ pulse at high repetition rate (for this kind of systems): 20-100 Hz.
Amplifier setup
The experiment was performed on a multipass amplifier composed of two Yb:CaF2 crystals: 2-mm-thick and 15-mm-diameter and doped at 2.2 %, in an active-mirror configuration (Fig. 1 ). The ytterbium-doped material is pumped from the front side. Those disks are glued to a copper mounts that supports water-cooling from the backside. The cooling temperature is set to 13 C. The pump diode emits 400 W peak power at 980 nm with 1-3 ms pulses in quasi-cw operation, with a repetition rate typically between 20 and 100 Hz. The diode is fiber coupled using a 400 lm diameter NA ¼ 0:22 fiber. The pump beam is imaged through a telescope (f ¼ 80 mm, f ¼ 250 mm) to a pump beam diameter of 1.5 mm. The pump energy is in the joule range and the average pump power in the 100 W range. The first crystal absorbed 33.5 % and the remained pumped is re-imaged on the second crystal using 2f-2f configuration with a 150-mm lens. After the second crystal, 60.9 % of the total pump energy is absorbed. The target energy range of this amplifier is 50 mJ with a gain of 50. To reach this gain, multiple passes (typ. 18) have to be done due to the relatively low gain of Yb:CaF2. The thermal lenses of the crystals are then accumulated numerous times. Moreover, since the amplifier operates close to the damage threshold of the Yb:CaF2 coatings, the beam size signal evolution occurring during the multiple passes is very critical and so is the knowledge to compensate the thermal lens. This implies a good knowledge of the thermal behavior of our laser heads. 3 Slow dynamic study using thermography We thus perform experiments to have precise values of the thermal effects occurring in the laser head ( Fig. 2) . With our setup, we can visualize the temperature at the front side of the crystal using a thermal camera and measure the thermal dynamic of the system in the second timescale. To access to the thermo-optic behavior at the millisecond timescale, we use a nanosecond signal pulse in a pumpprobe configuration by adjusting the delay and monitoring the thermal wavefront distortion (cf. Sect. 4). The experiment has been carried out at 20 and 100 Hz.
First, we investigated the surface temperature of the crystal with a thermal camera operating in the 8-12 lm range, which allows access to the slow dynamic of the heating of the crystal. The temporal behavior is the same in the center and at the edge of the crystal (Fig. 3) , indicating a link to the global heating of the crystal [3, 18, 22] . The maximum increase in temperature is only 15 C at 100 Hz for 2.25-ms pulses with a corresponding average absorbed power of 33.5 W. The profile of temperature is given in Fig. 3 (lower left). The thermal dynamic measurements give a slow rise and fall time, it is 4.6 s at 100 Hz and 3.3 s at 20 Hz. In conclusion, our cooling geometry allows handling efficiently the heating of the crystal avoiding too high-temperature spatiotemporal gradients. 4 Fast thermal dynamic study using thermal lens measurements The next step includes the observation of the thermal lens established by the spatiotemporal gradient. For this, we used a Shack-Hartmann wavefront analyzer. The crystal is probed by 1030-nm, 1.5-mm-diameter beam (corresponding to the seed signal). This beam makes one bounce in the crystal and is imaged in the wavefront sensor with a 1:1 ratio. The thermal wavefront deformation is isolated by subtracting the static wavefront (without pumping) [20, 26] . As expected with increasing absorbed pump power, the dioptric power is increasing proportionally in absence of saturation ( Fig. 4) . The thermo-optic coefficient gives a positive value of v ¼ 2 10 6K 1; which may seem counterintuitive taking into account only the different parameters for CaF2 crystal from the literature [22, 27, 28] . The strong effect of the overall mechanical distortion clearly appears, which implies a strong influence of the global design. There is a mixing of thermal lens (negative lens), and thermal disc deformation (positive lens). This is due to the crystal's geometry where the temperature evolution follows a transversal and longitudinal heat distribution over time. The different coatings, the glue, and the design of the copper mount play also an important role. This positive thermal lens has to be considered in the multipass setup (Fig. 1) . In order to be more precise in the thermal-lens-compensation and on using the ns probe, the thermal lens dynamics around its mean value is also studied. With the results obtained, here, we aim to set the optimal correction for the thermal lens occurring at the extraction instant, id est, when the stored energy is at maximum in the gain medium. The measurements reported in the Figs. 5, 6, 7 were performed for 2.25 ms and 400 W peak-power pump pulses at 100 or 20 Hz repetition rates (which corresponds, respectively, to 90 W and 18 W in average power). The probe beam has the same characteristics as above with a pulse duration of 1.5 ns. The thermal lens dynamics are visualized together with the pump pulse end the fluorescence transient ( Figs. 5, 6, 8 ). In our case, the dioptric powers of the thermal lenses are relatively low and their variation versus time even lower. This sensitivity has been indicated with error bar in the graphs. The error bars correspond to the minimum dioptric power measurable with our setup; it has been characterized experimentally measuring the dioptric power variation around a static value. It depends on the parasitic light and on the integration time of the sensor. What we clearly observe is that the maximum of the dioptric power (blue curve) does not correspond to the end of the pump pulse pump-where the laser probe pulse is supposed to be launched to extract the stored energy. Indeed, the maximum occurs 2 ms after the end of the pump pulse. To understand this delay, we numerically calculate using Comsol the temperature dynamics in the crystal assuming a heat load with a shape proportional to the shape of the pump pulse (red curve) or to the shape of the fluorescence transient (purple curve). In all the numerical simulations, only the backside surface is cooled, and the heat is homogeneously deposited with a total average power corresponding to the fractional thermal loads id est 5 % of the absorbed pump power [28] . The derived temperature evolutions are presented: The black curve corresponds to a thermal-load shape similar to the pump pulse in Fig. 6 and the green curve similar to the fluorescence one in Figs. 6, 8 . These calculations clearly indicate that fluorescence causes the delay. Indeed, the heat load is linked to the fluorescence in this quasi-3-level laser system and not to the pump pulse. If the main contribution comes from the quantum defect-which is likely the case for a system like Yb:CaF2 [22, 28] whose quantum efficiency is very close to 1-the heat load occurs only after desexcitation of the Yb3þ ions, id est, after fluorescence or laser effect. This delay in the heat load can thus explain the delay between the maximum thermal distortion and the end of the pump pulse. At 100 Hz, however, the amplitude of the thermal variation remains relatively small within about 4 % around the mean value. But, repeating the experiment at 20 Hz, as shown in Fig. 7 , the amplitude of the thermal lens variation rises up to about 35 % below and above the mean value. Indeed, these amplitude variations can be seen as a low-pass-filter response, with a cutoff time of 35 ms. This is far from negligible: The maximum lens dioptry can be largely higher than the one really seen by the pulses at the extraction time in qcw sub-100-Hz amplifiers. Moreover, this marks also a strong difference between the quasi-3-level nature of Yb-doped crystals pumped at 980 nm, such as Yb:CaF2, and the quasi-4-level crystals such as Yb:YAG pumped at 940 nm. In the case of zero-line pumping, the mean thermal lens value corresponds fairly to the thermal lens seen by the amplified signal, whereas in a quasi-4-level scheme, the thermal lens seen by the signal is much closer to its maximum since the heat load partly occurs also when the pump is absorbed.
Amplifier results
The exact knowledge of the thermal evolution in the active mirrors heads in qcw regime allows us to realize an optimal amplifier design. The multipass cavity setup is shown in Fig. 1 . For the seed, in the Cilex-Apollon 10 PW project, the 1030-nm-signal beam is generated by the leak of a Ti:Sapphire oscillator. It is then amplified in a fiber amplifier and stretched to 1.5 ns, and finally further amplified in a Yb:KYW regenerative amplifier (S-pulse HR from Amplitude Systems). The input signal of the Yb:CaF2 multipass amplifier consists in 1.5-ns, 3.1-nm-bandwidth stretched pulses at 1 kHz with an energy of 1.1 mJ at 1030 nm. The multipass amplifier is based on a re-imaging configuration using two 2-m radius of curvature (ROC) mirrors. It allows easily obtaining nine bounces on each crystal. In order to double the number of passes, a reinjection configuration with a f ¼ 500 mm lens, a quarterwaveplate, and a mirror is added. To compensate the thermal lens of the crystals, the center mirror of the amplifier (Mth, Fig. 1 ) can be moved: backward for a negative thermal lens and forward for positive thermal lens. In the optimal configuration, at 20 Hz, the energy output of this amplifier is 57 mJ for 0.89 J of diode pump energy corresponding to an optical to optical efficiency of 6.4 %. The operation has been longterm stable with a pointing stability of 20 lrad over 30 min. The beam profile is excellent with a M2 ¼ 1:1 (Fig. 9 ). The gain is then 52 for 18 passes. Unfortunately, the strong bias of Yb:CaF2 to fluoresce becomes a critical issue at 100 Hz. Indeed, a strong amount of non-extracted energy is dispersed into fluorescence. In our setup, this fluorescence hits the mounts in close vicinity of the active medium. This creates, at high repetition rate, air turbulences and fluctuations in the laser beam. In order to avoid stability issues, the setup is modified, changing the optics positions to reduce the deleterious heat dissipation on mounts. In this modified setup, 32 mJ have been obtained at 100 Hz ( Fig. 9 )with beam-pointing stabilities close to the 20 Hz regime and an excellent beam profile similar to the 20 Hz regime. Up to 39 mJ have been obtained with this setup with a good stability during hours. But at this level, erratic damage appears due to the continuous exposure to high energy at high repetition rate. To operate more safely, we decide to decrease the energy down to 30 mJ for the very-long-term operation. The measured spectrum remains also identical (3.1 nm FWHM, FTL 500 fs) to the injected one ( Fig. 10) showing the interest to use Yb:CaF2 gain medium to avoid any gain narrowing [5, [13] [14] [15] . 6 Conclusion To summarize, the exact measurement of the thermal lens allows us to optimize the design of the Yb:CaF2 amplifier avoiding beam focusing and then to extract efficiently and reliably the energy without damaging the optics and access safely to a reliable stable regime within a 50-mJ range. This investigation represents, to our knowledge, the first study of the static and dynamic thermal issues of an Ybdoped crystal (namely Yb:CaF2) pumped in qcw regime. We demonstrated first that a positive thermal lens is possible despite the negative thermo-optic coefficient of CaF2. This counterintuitive result is explained by the geometry of the gain medium: An active-mirror crystal glued to a copper heat-sink. Its deformation due to heat adds to the thermal-lensing effect. Second, we also studied the dynamics of the measured thermal lens at short timescales. A delay between the maximum of the pump pulse and the maximum of the distortion has been observed. This has been linked to the quasi-3-level nature of Yb:CaF2, a result that could be easily generalized to other Yb-doped materials pumped into their zero line. Our precise experimental study has also allowed us to optimize the design of a multipass amplifier based on dual Yb:CaF2 producing 57 mJ at 20 Hz and 32 mJ at 100 Hz (Fig. 9 ). Such high repetition rate multipass amplifiers can be seen as a compact (the footprint of this amplifier is 80 20 cm2), robust, and simple module to boost commercial Yb-doped mJ laser chains sustaining a broad spectrum while keeping a good quality and stable laser beam.
